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Magnetization Transfer as a
Teeihlbigife for In Vivo Assessment
Of Altered Energy Transfer in
Cardiac Hypertrophy*
E. DOUGLAS LEWANDOWSKI, PHD,
ROBERTO BOLLI, MD, FACC
Houston, Texas
The magnetization transfer technique . The study by Os-
bakken el al . CA in this issue of the Journal reprcscrils the
first application of in vivo phosphorus-31 nuclear magnetic
resonance (NMR) magnetization transfer techniques to an
animal model of chronic renorascular hypertension
. The
specialized NMR method of magnetization transfer used in
this study was first developed in 1963 by Forsen and Hoff-
man (2) and provides a means to measure unidirectional
reaction rates. For the observation of phosphate group
transfer in intact myocardium, the technique involve, the
application of a selective radiofrequency pulse applied at the
frequency of a single phosphate resonance signal within the
pbosphorus NMR spectrum. For example . the selective
radiofregieeney irradiation can be used to "=saturate" the
spin states of the phosphorus nuclei within phosphocreatine,
so that an equal distribution of these nuclear spins are in
both the high and the low energy sore, rendering the
pho,phocreatine signal "invisible" to the detection equip-
ment. As those phosphate groups containing the saturated
nuclear spins are transferred from phosphacreatine to aden-
osine displlesphate to produce adenosine triphosphate
(ATF), the induced magnetization state is retained by the
phosphorus nuclei, resulting in decreased signal intensity
from the resonance signal corresponding to the newly
formed ATP. Thus, the transfer of spin states from one
molecule to another can be monitored as a chemical reaction
takes place, providing kinetic information about the reaction
rate.
Despite limitations regarding observable reaction rates
and nuclear spin relaxation times (3), the magnetization
transfer technique permits the analysis of forward and re-
verse flux within the creatine kinase WK) reaction, as done
by Osbakken et at. (1). This approach to enzymatic analysis
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in intact tissues was ioittally reported in the lore 1970s from
research groups (4,5) studying intact cardiac and skeletal
muscle preparations . More recently, applications have been
extended to models of cardiac hypertrophy and stunning
Therefore, the ccrtent application of the tnagoetiza-
uon transfer technique to the study of CK kinetics in the
moderately hypertrophied t
.anine heart
in vivo (1) rests on
solid theoretic ground and is well supported by previous
critical examinations cf this specialized NMR spectroscopy
method (3,9) .
The present study. to reporting the in vivo reaction rates
of the CK system of hypertrophied beans. 0shakken et a].
(I) present data indicating that the forward flux of phosphate
group transfer from phosphocreahne to ATP is similar in
normal and moderately hypertrophied myocardium . This
finding is consistent with previous observations in normal
hearts and in various models of hypertrophied rat hearts
(6,7,10) . Most important, the response of CK kinetics to
stimulation with nerepittepinine was observed to be sigtufi-
cantly less in hypertensive than in
control
does (q, con-
firming the previous report by Bird and Ingwall (6) of a
fundamental change in the energy coupling during the pro-
gression of hypertension-induced cardiac hypertrophy .
Therefore, a relative depression in energy transfer during
augmented contractile function appears to be a characteristic
of the development of hypertension-induced cardiac hyper-
trophy.
Siuniboance 9( the study . This altered relation between
contractile state and CK activity may provide a key to
understanding the etiology of the ultimate development of
hypertrophic heats failure. Unlike models of nonhyperten-
live hypertrophy . the. renovascular hypertension model em-
ployed by Osbakken et al . in the present study (I) is
associated with changes in the isozyme distribution of CK
(11). Therefore, these observations (1) are likely to be
specific for hypertensive hypertrophy and should not be
extrapolated to other forms of hypertrophy . In a previous
report (6), the levels of the mitochondrial isozyme of CK
were reduced by 26% in hypertrophied hearts from 18-month
old hypertensive rats . Studies using phosphorus-31 NMR
spectroscopy in isolated rat hearts indicate that, with the
progression of hypertrophy. the relation between CK activ-
ity and mechanical work becomes abnormal even at normal
contractile loads, and that this abnormality is associated
with ventricular dysfunclion (12,13) . An analysis of CK
isozymes by Ingwall (14) has demonstrated that compen-
sated hypertrophy was associated with increased fetal-type
isozymes whereas advanced hypertrophy with heart failure
was associated with a decrease in mitoehondrial CK . Pre-
sumably, the hypenrophiedcanine myocardium exarci: ed in
the current report (1) expressed a shift in the CK Isozyme
distribution similar to that observed in previous investiga-
tions (14,15) . Although the overall CK activity was appar-
ently normal at normal work loads
(t), the activity of
mitochondrial CK may have been selectively reduced and
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may have limited the observed forward transfer rate during
the increased oxidative demands produced by norepineph-
rine .
The study by Osbakken et al . (I) further demonstrates
that application of NMR methods to cardiac metabolism is a
powerful means of examining the energetic state of intact,
functioning myocardium . The current demonstration of
phosphorus-31 magnetization transfer in an in vivo physio
.
logic model of chronic hypertensive hypertrophy sheds new
light on the problem of altered energy transfer in support of
normal and augmented contractility. Osbakken et al. (I)
conclude that the changes in the forward flux of the CK
reaction, secondary to moderate hypertensive t-y, ertrophy,
do not affect mechanical function at values >50% of base-
line . Although such changes in enzyme kinercs may con-
tribute to the development of heart failure associated with
chronic hypertension, the question remains as lv whether
the activity of the CK system is critical in supporting
contractile function at this stage. The ubservcd changes in
CK activity during augmented work are likely to be but one
single metabolic adaptation among several fundamental
changes in the balance of energy production and utilization.
Although these findings (1) indicate that such a shift in
energy productionlutilization does indeed occur, the altered
hiocncrgelic balance cannot be characterized solely on the
basis of the CK shuttle
.
Limitations of the study. The observation of reduced CK
activity during augmented mechanical work in the muder-
ately hypertrophied canine heart is but a snapshot of a long
and complex process that culminates in the development o :
progressive hypenrophic heart failure . The application of
spatially localized spectroscopy is not yet sufficiently devel-
oped to allow magnetization transfer analysis of serial
changes in CK activity in a chronic, closed chest model of
progressive hypertension-Induced hypertrophy
. Therefore,
the
data do not provide information on the progressive
changes in enzyme kinetics . In addition, it would have been
useful to have measurements of left ventricular systolic and
diastolic function to elucidate whether mechanical impair-
ment was present and to relate the changes in CK kinetics to
she changes in cardiac pert rnnanco that occur during hyper-
tension-induced
hypertrophy .
At present, investigation of the relation between CK flux
and recruitment of mechanical function with the magnetiza-
tion transfer technique is still descriptive and the data have
not yet been correlated with the changes in isozyme distri-
bution that are likely to mediate the results of the magneti-
sation transfer experiments
. When considering the sugges-
tion (1) that the CK system may have such a large reserve
[hat global mechanical function is not affected in moderately
hypertrophied hearts, it is important to bear in mind that the
NMR technique is limited because it is not selective for
shifts in CK isozyme distribution . Nuclear magnetic reso-
nance signal from intact myocardium is obtained as an
averaged signal that reflects total CK activity . Should the
relative activities of the mitoehondrial and cymsolic CK
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enzymes be redistributed during the course of hypertrophy,
a shift in the contributions of oxidative versus glycolytic
ATP production would not be detected with the methods
described by Oshtkken et td . (I). A ry)alivt change in the
respiratory efficiency of cvergi, production in support of
norepnephrine stimulation would Le in evidence (as shown
in this study) . tot could not be traced to the source of energy
production
. In fact, the relative activities of enzymes within
the glycolytic pathway and within the oxidative tricarboxylic
acid cycle have been found to differ between normal and
hypertrophied myocardium (11,16)
. Thus, the reduction in
CK activity relative to mechanical function that was ob-
served in the moderately hypertrophied myocardium (1) may
result from a more general shift in the relative contributions
of glyaslytic versus oxidative utilization of carbon-based
substrates for energy production. Recent applications of
carbon-13 NMR spectroscopy in intact heart preparations
(17-2A) may aid i,6 defining the role of intermediary
metab-
olism
during the progression of hypertrophy in providing fuel
for high energy phosphate production with the eventual
shuttling of energy charge by way of the CK system .
Future ronstderatiars. The assessment of CK activity in
the in vivo canine bean in a nondestructive manner with
NMR spectroscopy may lead to the evaluation of the pro-
gressive changes in regional enzyme kinetics and isozyme
distribution that accompany the progression of cardiac hy-
pertrophy and failure in the intact or in vivo heart. Phospho-
rus-31 magnetization transfer experiments have already con-
tributed to our basic understanding of CK activity under
normal conditions and in various pathophysiologic states
(4-8,21,22). Under conditions of optimized resolution and
signal to noise detection, phosphorus-31 magnetization
transfer can be utilized to assess unidirectional ATP tniliza-
tion (23). This methodology provides the only nondestruc-
tive means of determining rates of high energy phosphate
turnover in intact tissues and has already been applied to in
vivo rat and canine hearts (10 .24,251. As shown by Osbak-
ken et al . (1), the ability to examine manipulations of CK
activity through mechanical recruitment with norepneph-
rinc is a powerful means of testing the energy linkage within
a given distribution of CK isozymes in the same animal . The
application of NMR spectroscopy to a physiologic model of
hypertensive hypertrophy has allowed these investigators(1)
a unique opportunity to observe on-line responses of the CK
system to augmented contractile function in intact animals
.
Recent progress in the noninvasive acquisition of spatially
resolved, phosphorus-3g spectra from human myocardium
(26) provides additional incentives for future clinical appli-
cations of NMR technology toward metabolic evaluation of
cardiac disease, i .e., in vivo enzymology.
Conclusions. The use of magnetization transfer has
proved to be a valuable tool in evaluating the energy transfer
within hypertrophied myocardium (1,6,7) . The technique has
yet to be developed as a noninvasive method for closed chest
animal models, but the considerable progress of NMR meth .
ods over the past 15 years, which has led to noninvasive,
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spatially localized spectroxupy (27,2S), suggests that ciini .
cal applications are fonhoolning. The potential to obtain
on-line measurements of tissue metabolism within intact
tissues is continually expanding at the basic science level .
With continued multidisciplinary research, the dev .. opmenl
of applied methodologies for NMR spectroscopy will allow
further assessment of induced changes in enzyme distrihu-
tion and activity in intact tissues and animals . and perhaps
eventually in humans .
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